Abstract: Indian agriculture relies on monsoon rainfall and irrigation from surface and groundwater. The interannual variability of monsoon rainfalls is high, which forces South Indian farmers to adapt their irrigated areas to local water availability. In this study, we have developed and tested a methodology for monitoring these spatiotemporal variations using Sentinel-1 and -2 observations over the Kudaliar catchment, Telangana State (~1000 km 2 ). These free radar and optical data have been acquired since 2015 on a weekly basis over continental areas, at a high spatial resolution (10-20 m) that is well adapted to the small areas of South Indian field crops. A machine learning algorithm, the Random Forest method, was used over three growing seasons (January to March and July to November 2016 and January to March 2017) to classify small patches of inundated rice paddy, maize, and other irrigated crops, as well as surface water stored in the small reservoirs scattered across the landscape. The crop production comprises only irrigated crops (less than 20% of the areas) during the dry season (Rabi, December to March), to which rain-fed cotton is added to reach 60% of the areas during the monsoon season (Kharif, June to November). Sentinel-1 radar backscatter provides useful observations during the cloudy monsoon season. The lowest irrigated area totals were found during Rabi 2016 and Kharif 2016, accounting for 3.5 and 5% with moderate classification confusion. This confusion decreases with increasing areas of irrigated crops during Rabi 2017. During this season, 16% of rice and 6% of irrigated crops were detected after the exceptional rainfalls observed in September. Surface water in small surface reservoirs reached 3% of the total area, which corresponds to a high value. The use of both Sentinel datasets improves the method accuracy and strengthens our confidence in the resulting maps. This methodology shows the potential of automatically monitoring, in near real time, the high short term variability of irrigated area totals in South India, as a proxy for Remote Sens. 2017, 9, 1119; doi:10.3390/rs9111119 www.mdpi.com/journal/remotesensing Remote Sens. 2017, 9, 1119 2 of 21 estimating irrigated water and groundwater needs. These are estimated over the study period to range from 49.5 ± 0.78 mm (1.5% uncertainty) in Rabi 2016, and 44.9 ± 2.9 mm (6.5% uncertainty) in the Kharif season, to 226.2 ± 5.8 mm (2.5% uncertainty) in Rabi 2017. This variation must be related to groundwater recharge estimates that range from 10 mm to 160 mm·yr −1 in the Hyderabad region. These dynamic agro-hydrological variables estimated from Sentinel remote sensing data are crucial in calibrating runoff, aquifer recharge, water use and evapotranspiration for the spatially distributed agro-hydrological models employed to quantify the impacts of agriculture on water resources.
Introduction
With one of the largest populations in the world, mainly composed of rural inhabitants who depend on agriculture as their principal income source, the competition for land and water throughout India is huge and expanding. Indian agriculture is a striking example of the long-term land use changes that have taken place in South Asia during recent decades: irrigation practices have been in general use for more than 50 years, supported by the Green Revolution [1] . Yield improvements due to the increase in irrigated areas have been sustained by the construction of surface water tanks and the increase in the number of drilled irrigation wells from 0.15 to 20 million between 1960 and 2000 [2] . Currently, Indian agriculture consumes more than 80% of the water used in the country [3] -for instance, 89% in 2000 [4] , of which 65% is provided by groundwater [5] . This estimate fell to 39% in 2000 according to [4] . Indeed, these amounts vary widely from year to year. Investigations based on the Gravity Recovery and Climate Experiment mission (GRACE satellite) data estimated a decline of the groundwater stock in the Ganges basin in north India of 4.0 ± 1.0 cm yr −1 equivalent height of water (17.7 ± 4.5 km 3 yr −1 ) [6] , 54 ± 9 km 3 yr −1 [7] for the 2000s, or more recently only 2 cm yr −1 during the 2002 to 2015 period [8] . On the other hand, no clear trend appears in South India [9, 10] . These two contrasted results are mainly driven by the size of the groundwater resources: the presence in the north of the highest-yielding deep aquifers known in the world [11] , contrasts with the southern aquifers, which consist of shallow to moderately shallow fractured hard rocks with low porosity and storage capacities [12] . Whereas in the north water extraction for irrigation purposes leads to a continuous decline in groundwater stocks, South Indian farmers experience recurring shortages, as shallow aquifers are temporarily emptied during periods of overexploitation when extraction is higher than recharge, and are partially refilled after heavy monsoon rainfalls. In this context, no overall declining trends were recorded by the GRACE mission [10] .
Apart from these long-term agricultural land cover and water use trends, land cover and water resources are highly correlated and variable particularly within a short-term range. Indeed, Indian monsoon precipitations are highly variable in both space and time, with magnitudes apparently linked to El Niño events [13] , their variations in the North being covariant with Indian ocean warming [8, 14] . These variations have a direct impact on the fluctuations of surface water through river-drained runoff captured in surface reservoirs equipped with large and small dams, but also cause groundwater fluctuations through aquifer recharge from the infiltration of non-evaporated water. Groundwater fluctuations are also strongly impacted locally by water extraction for agriculture. The best water extraction proxy is the extent of seasonal irrigated areas located around wells [15] .
In many parts of South India, the groundwater contribution to irrigated water has risen by 90%, encouraged by subsidized electricity for farmers. This financial support changed the status of this water resource from an emergency supply, in case of surface water scarcity, to the main water source for irrigated crops [16] . To cope with the recurrent groundwater shortages associated with deficient monsoon rainfalls and overexploitation, farmers modulate their consumption by limiting the extent of irrigated areas. In Telangana State, Hyderabad region, the areas of inundated rice fields vary widely with the crop seasons (government statistics and National Remote Sensing Center estimates published on the Bhuvan web portal). Eighty percent of groundwater abstraction is dedicated to rice [15, 17] . The growing period is short (three months) and the rice areas represent a small proportion of the total. For instance, they have been evaluated at around 10% and 7%, respectively, for the monsoon season (Kharif) 2009 and the dry season (Rabi) 2010 [17, 18] .
The quantification of irrigated and inundated areas from optical high resolution spatial remote sensing (SPOT, from French spatial agency CNES; ResourceSat from Indian Space Agency ISRO) in 2009-2010 provided spatial estimates of seasonal groundwater extraction for irrigation, using the daily irrigation practices associated with each seasonal crop type [15, 19] . The agro-hydrological model SWAT (Soil Water Assessment Tool [20] ) was adapted to simulate this daily extraction over several years, together with the aquifer recharge and runoff derived from the climate forcing variables [15, 17] . This methodology, based on an agricultural land use assumed to be fixed, derived from a set of two seasonal land covers (2009) (2010) and allowed the simulation of groundwater fluctuations over a decade. It spatially assessed the groundwater availability and quantified theoretical groundwater shortages, i.e., when the crop water demand based on the satellite monitoring exceeded the groundwater storage [15, 17] . These studies quantified the contribution to aquifer recharge of the small surface reservoirs spread along the non-perennial river network that constitutes a rainwater harvesting system maintained by farmers. The main limitation of these studies is that they rely on fixed land use and thus do not represent the short-term modulations of irrigated crop areas implemented by farmers to cope with water shortages.
The recently launched Sentinel satellites are especially of interest for their acquisition strategies. Sentinel-1 (satellite S1A, launched in 2014; and S1B in 2016) and Sentinel-2 (S2A launched in 2015 and S2B in 2017) are the first generation of operational satellite EO missions for both optical multi-spectral and radar C-band detection of continental surfaces at a global scale, with high spatial and temporal resolutions (10 to 20 m; five to 10 days revisit interval), under a free access license.
In India, high-resolution satellite missions (56 m spatial resolution) have been used to measure seasonal land cover. In 2016, the National Information System for Climate and Environment Studies (NICES) project released a national database of seasonal net sown areas (http://bhuvan.nrsc.gov.in/ data/download/index.php), which highlights the high spatiotemporal heterogeneity of land cover and its temporal dynamics. This dataset is published as a fraction of the crop sown at 5 km resolution by the National Remote Sensing Center (NRSC) laboratory, part of the Indian Space Research Organization (ISRO). A similar program, called Water Bodies Fraction (WBF) and based on the same data type, produces the areal fraction of surface water every 15 days since 2012. The short-term variations of sown areas show a high temporal variation over recent decades in the Hyderabad region, with 41 to 58% of sown areas in Kharif and 8 to 22% in Rabi between 2005 and 2016. The seasonal restitution of the areas of inundated rice and other irrigated crops from multi-temporal high resolution satellite remote sensing is thus a promising method for estimating the surface water and groundwater requirements for irrigation.
Machine learning approaches are a way to produce land cover maps from remote sensing time series. More specifically, supervised classification methods, which require a training dataset, are suitable for exploring these massive amounts of data [21] . Less automated strategies based on user-defined thresholds to provide more accurate indices can also be envisaged, but they are more time-consuming. In this agro-hydrological context, a threshold algorithm used to classify inundated rice shows higher accuracy than supervised random forest classification [22] . However, the addition of radar images improves this automatic classification tree method. This last method has been found to be fast and to explore automatically and randomly the different spaces of features, here bands of satellite images time series [21] .
The aim of this study is to evaluate methodologies, based on new observations from the Sentinel-1 and Sentinel-2 satellites, for monitoring the essential agro-hydrological variables of this setting. These Remote Sens. 2017, 9, 1119 4 of 21 essential variables are (1) the seasonal areas of inundated rice, (2) the areas of irrigated crops, and (3) the dynamics of surface water areas within the water harvesting system. These three variables involve only a few percent of the total area and vary rapidly. This study considers two spatial resolutions, 10 and 20 m, to identify the value of preserving spatial rather than spectral resolution in this agro-system context. It explores the benefit of the synergy between Sentinel-1's radar backscatter advantages (not sensitive to the persistent cloud cover during the Kharif season, highly impacted by crop growth and surface water) and the Sentinel-2's multi-spectral detection, both at an appropriate spatial resolution (10 to 20 m). The estimates of surface water area will be compared to existing datasets from ISRO-NRSC, to discuss their interest for better understanding the contribution to aquifer recharge of the thousands of small surface reservoirs that constitute the water harvesting system. We have chosen the Random Forest algorithm (RF) provided with the Orfeo ToolBox (OTB) because it is a fast, open-source processor of high-resolution optical, multispectral and radar images at the terabyte scale. Highly appropriate for building a processing chain, it seems suitable for automatically producing agro-hydrological variables at a large scale [23] . The seasonal land covers produced in this study have been used to estimate the seasonal Irrigated Water Demand (IWD), based on irrigation practices observed in previous studies [15, 17, 18, 24] .
Materials and Methods

Study Area
The Kudaliar river catchment (983 km 2 ) is shown in Figure 1 . It is located in Telangana State, South India, and is the youngest state in India, formed after the Andhra Pradesh State 2014 Reorganisation Act. Figure 1 shows the fraction crop cover in India for two seasons, Kharif 2015 ( Figure 1a ) and Rabi 2016 (Figure 1b) . The catchment is 50 km north of Hyderabad (Figure 1c ). This catchment is an upstream watershed unconnected to the perennial regional rivers and is representative of the northern part of the Deccan plateau region in terms of irrigated agriculture, climatic variability and hydrogeological settings. It is characterized by a flat topography (from 430 to 640 m above sea level) and an absence of perennial streams. The region has a semi-arid climate controlled by the periodicity of the Southwest monsoon: a rainy "Kharif" (local name) season from June to November and a dry "Rabi" (local name) season from December to March. In contrast with these two seasons, the summer season (April and May) is mainly free of cultivation. Annual precipitation ranges from 540 mm to 1300 mm with a mean of 879 mm according to the Indian Meteorological Department [25] ; 88% of the rain falls during the monsoon season. The annual mean temperature is 26 • C, although in summer (April to May) the maximum temperature may reach 45 • C.
The catchment is mainly rural and densely populated (300,000 inhabitants in 983 km 2 ), with only one small town (Gajwel, 30,000 inhabitants), located in its southwestern portion (see Figure 1c , purple area). Approximately 60% of the watershed is covered by semi-arid natural vegetation (bush). Rain-fed crops (mainly maize and cotton) are sown only during the monsoon period (Kharif, Figure 1a) . The irrigated area varies widely with climatic and hydrological conditions since irrigation mainly depends on groundwater availability. Daily rice and vegetable irrigation rates were estimated from field surveys (measurements of instant well discharges, irrigated field areas, and monitoring of daily pumping durations). Daily irrigation rates for rice are 12 mm/day and 9 mm/day for Rabi and Kharif, respectively [19] . A Water Harvesting System (WHS) consisting of many small dams in a mound of soil materials along the drainage network is maintained by the farmers. They are generally non-permanent lakes: they can be refilled by heavy monsoon rainfall and dry out in a few months through evaporation, infiltration, and use for irrigation [26] . 
Sentinel-1 and 2 Datasets
Sentinel-1 and 2 acquisitions over India began at the end of 2015. Three crop cover successions over three seasons were monitored using the existing images. Table 1 lists the acquisition dates of the Sentinel images used to quantify the irrigated areas for the three growing seasons. The study area is embedded in two Sentinel-2 tiles (44QKE and 44QKF) located north of Hyderabad (Figure 1 , orange). Sentinel-1 and 2 acquisitions over India began at the end of 2015. Three crop cover successions over three seasons were monitored using the existing images. Table 1 lists the acquisition dates of the Sentinel images used to quantify the irrigated areas for the three growing seasons. The study area is embedded in two Sentinel-2 tiles (44QKE and 44QKF) located north of Hyderabad (Figure 1, orange) . The Sentinel-2 dataset downloaded in this study is the standard Level-1C product, which includes ortho-rectification and spatial registration on a global reference system with sub-pixel accuracy. The Sentinel-2 Level-1C product is composed of 110 km × 110 km tiles in the UTM/WGS84 projection and provides the Top-Of-Atmosphere (TOA) reflectance. We produced Sentinel-2 Level-2A using the Sen2Cor software (2.3.1 released by European Spatial Agency-ESA), which performs the atmospheric, terrain, and cirrus correction of TOA input data. In this semi-arid Indian area, the correction is important for cloud-free images as the seasonal variations of aerosol concentrations in the form of dry dust is high [27] and alters the reflectance.
The Sentinel-1 dataset comprises Level-1 Ground Range Detected (GRD) data in Interferometric Wide swath mode (IW) consisting of focused SAR data that has been multi-looked and projected to ground range using the WGS84 Earth ellipsoid model. The resulting images in dual polarization (VH and VV) have a dimension of 270 × 270 km and a resolution of 10 m. The terrain correction was then applied to geocode the images by correcting SAR geometric distortions (foreshortening, layover and shadow) using the digital elevation model from the Shuttle Radar Topography Mission, producing ground-projected images. To do this, the Orfeo ToolBox (OTB) was used. Each image was cropped and superposed on the Sentinel-2 tiles. A multi-temporal speckle filter [28] was preferred to the more classical spatial filter in order to preserve spatial resolution and the fine structure of Sentinel-1 images. As shown previously in [29, 30] , this method produces images with reduced speckle effects from the whole sentinel-1 acquisition time series (30 dates since February 2015) and multi-polarized (VH and VV) images. The speckle filter is expressed as follows:
where J k (υ) is the radar intensity of the output image k at pixel position υ, I i (υ) is the radar intensity of the input image i, <I i (υ)> is the local average intensity of the input image k (window size of 5 × 5) and N is the number of images (N = 30 dates and two polarizations). The resulting theoretical number of looks is 71. Figure 2 shows the effects of this processing compared to the more traditionally used spatial speckle filter, as proposed by Lee [31] . This correction was of importance in preserving the high spatial resolution of 10 or 20 m, equivalent to the Sentinel-2 band resolution, since the crop field areas are small in this agricultural setting (a few acres). 
Sentinel Bands and Derived Indexes
The Normalized Difference Vegetation Index (NDVI) obtained from optical images has been extensively used to monitor vegetation dynamics, since it is a robust integrator of crop development. The NDVI also has some drawbacks: for example it is soil dependent at lower values and saturates at higher values. For these reasons other indicators have been proposed, such as the Soil Adjusted Vegetation Index (SAVI) or Enhanced Vegetation Index (EVI) [32] . The Normalized Difference 
The Normalized Difference Vegetation Index (NDVI) obtained from optical images has been extensively used to monitor vegetation dynamics, since it is a robust integrator of crop development. The NDVI also has some drawbacks: for example it is soil dependent at lower values and saturates at higher values. For these reasons other indicators have been proposed, such as the Soil Adjusted Vegetation Index (SAVI) or Enhanced Vegetation Index (EVI) [32] . The Normalized Difference Wetness Index (NDWI, [33] ), has been used either for detecting water or well-watered areas. Because irrigated soils are generally wetter than non-irrigated soils, especially in a semi-arid climate, the NDWI can be a good indicator of irrigation if the observation frequency is sufficient. It has been successfully used previously in the identification of irrigated areas [34] . Two spatial resolutions (10 and 20 m) over three seasons were prepared from all the Sentinel-1 filtered and cloud-free Sentinel-2 L2A image time series. We selected Sentinel-2 bands at 10 m: the blue (B 2 = 490 nm), green (B 3 = 560 nm), red (B 4 = 665 nm), and near infra-red (B 8 = 842 nm) bands, and at 20 m: the 2, 3, 4, 5, 6, 7, 8, 8a, 11 and 12 bands. The short-wave infrared (B 11 = 1610 nm) bands were used to compute the NDWI. The NDVI (Equation (2)) was computed at 10 m resolution; the NDWI (Equation (3)) was calculated using the short-wave infrared wavelength bands (SWIR) B 11 at 20 m resolution.
VV and VH backscatters from Sentinel-1 and the ratio based on VV and VH (Equation (4)) were computed at 10 m resolution and also re-sampled to 20 m. We have used the Sentinel-1 time series only, the Sentinel-2 time series only, and both Sentinel-1 and 2 together to perform the crop and water area restitutions over the study site for all three seasons. The sizes of these stacks of data obviously vary with the number of images in a season and the resolution.
Field Data from Land Cover Surveys in 2016 and 2017
Three seasonal surveys of land cover were carried out in February 2016, November 2016, and February 2017, corresponding to 428 plots of non-irrigated areas: bare ground or natural vegetation cover, rainfed and tree plantations (eucalyptus and teak), 286 irrigated areas: orchards (mainly mango trees), maize crops and vegetables (beans, lentils), and 192 flooded rice crop areas. The dataset was especially scrutinized for rice as the main water-consuming crop. A USB GPS receiver (G-STAR IV) was connected to GIS software (QGIS) on a laptop to position the operator in the landscape. The operator used the latest Sentinel-2 acquisition to delineate polygons containing both homogeneous land cover and reflectance observed in the field and on the Sentinel-2 image.
The dataset created from the field surveys was used to create three seasonal datasets: perennial land cover such as orchard, forest, and natural land use are preserved across the three datasets together with the irrigated, flooded, and rain-fed crop fields observed during one season. These reference data comprise nine land cover classes: inundated rice, irrigated vegetables, irrigated maize, orchards, forested area, bare ground and natural bushes, urban areas, surface water, and rain-fed cotton (only in Kharif). Each seasonal dataset is then split into two separate training and validation sets of polygons.
Irrigated Crop Classification Methods and Strategy
Random Forest Supervised Classification
The Random Forest (RF) algorithm is a supervised classification method based on ensemble learning theory [35] . It has been widely used to identify land cover using one or more satellite images [23] . The algorithm builds binary decision trees that are decorrelated by using bootstrap samples. The split process also decorrelates the various trees by first randomly selecting at each node a subset of input variables (also called features), and by then performing a variable value test based on the Gini impurity criterion or entropy loss. Ideally, this process is repeated recursively on each derived subset until the node contains very similar samples, or when the splitting no longer adds value to the predictions. During the decision phase, each tree classifies the input data. Then, a majority vote is performed to output the class label.
The RF algorithm requires two main parameters to tune: (1) the number of trees K, and (2) the number of variables randomly selected to split a node mtry. In this study, classical parameter values are used: K = 100; mtry = 25.
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Training and Validation Dataset
All the pixels located in the training and validation polygons are used to respectively train the RF learning algorithm and to assess the accuracy of the resulting land-cover maps. The unit of assessment is therefore the pixel for the validation procedure, the number varying with the land-cover classes and spatial resolution considered, from tens to thousands of pixels. Non-agricultural areas cover 60 to 70% of these rural areas and are sampled using large polygons, implying thousands of learning and validation pixels, whereas rice and irrigated areas consist of hundreds of small polygons with limited numbers of pixels in each (Table 2) . 
Evaluation of Land-Cover Data
The accuracy of the land cover map produced is evaluated with the precision, recall, and F-score of the targeted irrigated and inundated crop class from the confusion matrices. F-score is the harmonic mean of the user's accuracies and the producer's accuracies. The best value of the F-score is 1, and the worst 0. We use the inundated and irrigated area estimates to compare the methods and seasons. The overall land-cover accuracy is given by the Kappa index for all classes. The size of each satellite time series dataset analyzed is also given, to assess both the impact of resolutions on detection accuracies and on irrigated surface area estimates.
Estimation of Irrigated Water Demand (IWD)
The water demand corresponding to the inundated and irrigated area extents is estimated from previous estimates of daily irrigation practices associated with each crop over the studied area [24, 36] , which were used in the agro-hydrological modeling study [17] . The IWD will be expressed in mm/season as a water thickness divided by the watershed area, the same unit used for rainfall and aquifer recharge.
Surface Water from Sentinel-1 Time Series
The Sentinel-1 radar is highly sensitive to surface water which highly vary from a season to another (Figure 3) as the backscattered energy is low if acquisition angles are not close to the nadir, as no backscatters are received from smooth surface [37] . Using a threshold method, surface water areas can be quantified for large region (see Figure 4) . However, this method requires setting the threshold for each image and is not automatic. We have built a training dataset of permanent surface water areas observed in the 14 images such as permanent lakes (e.g., Hussain Sagar Lake in the center of Hyderabad) to perform a RF classification for each image. An average of surface water extent is computed for the Kudaliar watershed area, and compared with external source of data from NRSC-ISRO, at 1 km resolution available on the web platform Bhuvan.
were The filling of the WHS with runoff water is simultaneous with the rise in groundwater level with high recharge. This replenishment of both surface and groundwater resources has a strong impact on farmers' agricultural practices across the study area. Indeed, an important expansion of the irrigated areas is observed in Rabi 2017 (Figure 3, red areas) , resulting from the abundance of water that followed the 2016 Kharif. This exceptional monsoon also replenished the surface water stored in the big reservoirs around Hyderabad that are the main source of drinking water for this urban area, which has more than nine million inhabitants (Figure 4 ). Sentinel acquisition time series enable the identification of surface changes that occur over several months. Figure 5 shows an example of Sentinel-2 acquisitions at 10 m resolution (infra-red, red, green) over a cropland area in the study site with a one-month shift. In February 2017 (Figure  5a ), red pixels are irrigated maize or to a lesser extent vegetables; the brown to grey areas are flooded rice paddies at an early stage. These areas become red one month later with the growth of rice 
Results
Hydro-Climatic Context during the Three Studied Growing Seasons
Extreme dry hydrological conditions were found during the Rabi 2016: aquifer water levels were low (around 30 m depth) since the previous monsoon rainfalls were limited (600 and 700 mm for 2014 and 2015, respectively). No surface water was visible (Figure 3 ) and the inundated rice extent were estimated to be around 2-3% of the total area from a preliminary land cover classification work [22] . The 2016 monsoon was late so July and August were still dry, but there was extremely heavy rainfall in September 2016. Hyderabad received 425.2 mm of rain compared with its monthly mean of 132.9 mm, surpassing the decade's highest rainfall of 266.6 mm, which occurred in September 2007. Figure 3 compares the Sentinel-2 L2A images of March 2016 and March 2017 to show the contrast between the two Rabi seasons of those years: one (a) with severe groundwater and surface water shortages and the other (b) with abundant water for irrigation. The red areas in the second image mainly correspond to irrigated and inundated crops (maize and rice respectively). Small dark blue areas are surface water stored in the Water Harvesting System (WHS). These dams were empty in March 2016. At a regional level, Figure 4 shows the area of surface water detected by the Sentinel-1 time series before the monsoon in March 2016 (blue) and afterwards in October 2016 (red).
The filling of the WHS with runoff water is simultaneous with the rise in groundwater level with high recharge. This replenishment of both surface and groundwater resources has a strong impact on farmers' agricultural practices across the study area. Indeed, an important expansion of the irrigated areas is observed in Rabi 2017 (Figure 3, red areas) , resulting from the abundance of water that followed the 2016 Kharif. This exceptional monsoon also replenished the surface water stored in the big reservoirs around Hyderabad that are the main source of drinking water for this urban area, which has more than nine million inhabitants (Figure 4) .
Sentinel acquisition time series enable the identification of surface changes that occur over several months. Figure 5 shows an example of Sentinel-2 acquisitions at 10 m resolution (infra-red, red, green) over a cropland area in the study site with a one-month shift. In February 2017 (Figure 5a ), red pixels are irrigated maize or to a lesser extent vegetables; the brown to grey areas are flooded rice paddies at an early stage. These areas become red one month later with the growth of rice biomass (Figure 5b ). Black areas correspond to the water filling "tanks." These areas are decreasing slowly with water use for irrigation, direct evaporation from the water surface and the ground infiltration that recharges the aquifer.
Random Forest Crop Detection Accuracy
Precision of Irrigated Crop Detection
The scores of the classification are presented in Table 3 . Overall, the best detection scores (F-score) are found for rice, maize, and cotton, which are the dominant crops. As expected, rice detection using Sentinel-2 during Rabi (cloud-free period) yields high F-scores (from 0.82 to 0.98): high precision and recall, which means low confusion between these classes and the others. The addition of Sentinel-1 time series slightly improves the lowest results (F-score from 0.82 to 0.86 at 10 m resolution).
The accuracy decreases in the monsoon period since there are both fewer cloud-free images and much confusion between rice and well-developed natural vegetation. Here again, Sentinel-1 does not help to improve rice detection. The F-score from Sentinel-1 detection is around 0.33 and 0.45 for 20 and 10 m, respectively, versus around 0.6 with Sentinel-2 or both satellite images. The classification results are worse for other irrigated crops (vegetables), which are not even detected. Too much confusion with the natural vegetation cover decreases the detection capacity. On the other hand, cotton areas are well identified using Sentinel-1 only, with high F-scores of 0.95 and 0.94 for 10 and 20 m, respectively, a higher accuracy than obtained with Sentinel-2 (0.73 and 0.78) and even Sentinel-1 and 2.
As for crop detection, the best scores were obtained for Rabi 2017. This is mainly due to having more extended irrigated and flooded crop areas to detect. Table 4 shows the areas estimated for each classification. Rice areas are estimated at 16-26% in Rabi 2017 for optical and radar detection, respectively, against 2-6% and 1.5-3.5% for the previous Kharif and Rabi 2016, respectively. In the Rabi 2017 highly-irrigated context, Sentinel-1 detection alone gives a high F-Score for rice at 20 m, an accuracy comparable to Sentinel-2 detection (0.98). At 10 m, the precision of Sentinel-1 is lower, explained by greater confusion (low precision).
Around 26% of rice areas are detected using Sentinel-1 alone, versus about 16% with Sentinel-2 and Sentinel-1 and 2. Greater confidence is assigned to this last value, since the combination of both sensors yields similar results to Sentinel-2 alone. The overdetection of Sentinel-1 arises from high confusion between heterogeneous natural bush and rice area backscatter, this lack of precision is ignored in the validation statistics at 20 m. The addition of the four Sentinel-2 images brings these estimates to 17%, which represents a correction of the confusion made by using Sentinel-1 only, even with so few Sentinel-2 images. This result illustrates the potential of the optical and radar synergy, which brings a robustness to the automatic rice area restitution process regardless of the season: the use of both optical and radar images increases the amount of data but decreases the uncertainty of the results, and removes a data preparation step: the selection of the images to be processed. 
Random Forest Crop Detection Accuracy
Precision of Irrigated Crop Detection
The accuracy decreases in the monsoon period since there are both fewer cloud-free images and much confusion between rice and well-developed natural vegetation. Here again, Sentinel-1 does Table 4 . Areas of irrigated and flooded crops and corresponding Irrigated Water Demand (IWD). Crop areas are expressed both in % of the total watershed area and in ha. IWD are expressed in mm/season, the corresponding water total over the watershed area. This total should be compared to rainfall, runoff, and amount of aquifer recharge, also expressed in mm. 
Detection of Non-Irrigated Areas
The spatial and spectral resolution has an impact on F-scores for non-rice land covers and thus on the overall Kappa index using Sentinel-1 only or Sentinel-2 only, especially for Rabi 2017. The improvement of F-score at 20-m resolution is not observed with the Sentinel-1 and 2 dataset. The additional Sentinel-2 variables NDWI and SWIR, and a decrease in radar speckle, could explain these improvements between 10 and 20 m spatial resolutions.
Retrieval of Agro-Hydrological Variables
Estimation of Irrigated Areas and the Uncertainty of Water Demand Quantification
The extent of irrigated and flooded crops and the corresponding Irrigated Water Demand (IWD) for the watershed are presented in Table 4 . Estimates of rice areas range from 1.55 to 3.52% but are more likely around 3.42 or 3.52% when detected by Sentinel-2 only and Sentinel-1 and 2, since with Sentinel-1 alone detection accuracy is low (F-score 0.6). The preliminary results using thresholding and the RF algorithm were of the same magnitude (2.04 to 3.7 in [22] ). Irrigated crop (maize and vegetables) areas range from 0.4 to 2.77% but the classification accuracy is low for the whole dataset. Figure 6 shows the annual variability of areas of seasonally sown crops, derived from the ISRO-NRSC data base and averaged for the Kudaliar catchment. The sown fraction estimates (all irrigated crops in Rabi and irrigated crop plus cotton areas in Kharif) from Sentinel remote sensing data are similar to that produced by ISRO-NRSC for Rabi 2016 (5.5%). It corresponds to a minimum observed in Rabi for the last 10 years. The Kharif 2016 sown fraction derived from Sentinel time series also corresponds to a minimum observed during the Kharif season over the last 10 years. In contrast, a maximum of sown fraction for the last 10 years is observed during for Rabi 2017, concomitant with the surface and groundwater replenishment. The Kharif cotton areas seem to be well detected by S1 only: their areas remain similar (around 20%) after introducing S2 images (only four cloud-free images during the Kharif). This estimate of 20% appears to be highly realistic: a similar figure was obtained in Kharif 2009 over the study site [17, 18] . The seasonal land cover from the Sentinel-1 and 2 datasets is illustrated in Figure 7 . From a season to another, the rice and irrigated crops are located in the same agricultural areas, but their areas increase greatly with water availability. 
The Uncertainty of Irrigated Water Demand Quantification
The classification accuracies for each land-use class discussed earlier have contrasting impacts on IWD estimates. A high level of confusion in classifications regarding small crop areas and/or low irrigation requirements affects only limited amounts of water that can be neglected when compared to much larger hydrological fluxes. For instance, the high uncertainty of irrigated maize and vegetable areas lead to IWD estimates ranging from 0.9 to 5.9 mm for Rabi 2016, a water depth to be related to the whole catchment area. These figures represent small amounts of water when compared to the aquifer recharge or the rice water demand for the same period: from 20.2 to 45.7 mm and more likely around 45 mm with the Sentinel-2 or Sentinel-1 and 2 datasets. We have computed the average and standard deviation of IWD estimated using both S2 and Sentinel-1 and 2 datasets in the Rabi seasons and only the Sentinel-1 and 2 datasets in the Kharif season (since only four cloud-free Sentinel-2 images were available). The irrigated water demand estimates based on the Decision Support Tool Ground Water (DST-GW) model [24] were 49.5 ± 0.78 mm (1.5% of uncertainty) in Rabi 2016, 44.9 ± 2.9 mm (6.5% of uncertainty) in the Kharif season, and 226.2 ± 5.8 mm (2.5% of uncertainty) in Rabi 2017.
Surface Water Area Dynamics Using the S1 Dataset
The 18 Sentinel-1 images acquired between the end of June 2016 and February 2017 were used to classify surface water areas, using two classes: water and non-water. Figure 8 shows the surface water temporal dynamic detected from S1 backscatter using the RF algorithm over the Kudaliar watershed. This automatic classification strategy is preferred to the threshold method used in Figure 4 by the Google Earth Engine platform, which requires selection of an appropriate threshold for each image. Very good F-scores (>0.98 for each image) were obtained from this classification using the permanent surface water training dataset. Both resolutions of Sentinel-1 (10 and 20 m) are considered in this work and give similar results. More than 200 small reservoirs were detected and monitored over the 1000 km 2 . This detection shows fast dynamics of surface water areas impacted by rainfall and runoff collected within the reservoir, evaporation from surface water, soil infiltration and pumping for irrigation. The Water Body Fractions extracted from the Indian national database were compared with the surface water areas found with Sentinel-1. Each fraction is provided for 15 days from ResourceSat optical remote sensing at 56-m resolution ( Figure 8 , bold black line). The lower resolution of the Indian optical satellite (56 m versus 10-20 m) underestimates the water bodies' areal extents: boundary pixels not fully covered by water are not classified as water, leading to an erosion of the detected water surface areas.
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The 18 Sentinel-1 images acquired between the end of June 2016 and February 2017 were used to classify surface water areas, using two classes: water and non-water. Figure 8 shows the surface water temporal dynamic detected from S1 backscatter using the RF algorithm over the Kudaliar watershed. This automatic classification strategy is preferred to the threshold method used in Figure  4 by the Google Earth Engine platform, which requires selection of an appropriate threshold for each image. Very good F-scores (>0.98 for each image) were obtained from this classification using the permanent surface water training dataset. Both resolutions of Sentinel-1 (10 and 20 m) are considered in this work and give similar results. More than 200 small reservoirs were detected and monitored over the 1000 km 2 . This detection shows fast dynamics of surface water areas impacted by rainfall and runoff collected within the reservoir, evaporation from surface water, soil infiltration and pumping for irrigation. The Water Body Fractions extracted from the Indian national database were compared with the surface water areas found with Sentinel-1. Each fraction is provided for 15 days from ResourceSat optical remote sensing at 56-m resolution ( 
Discussion
Accuracy of Essential Variable Restitution Methods
Irrigated Water Demand Restitution
The uncertainty of IWD estimates (a few mm) is low compared to the IWD's seasonal variation and the variability of seasonal aquifer recharge: 10 to 160 mm/year in those aquifers- [24, 36, 38] . The IWD was estimated to be 88.1 mm in Kharif 2009 and 120.6 in Rabi 2010, using similar estimations based on crop cover remote sensing with high spatial resolution satellite imagery [18] (ResourceSat and Spot-4).
This high IWD variability shows why it is a crucial variable in (1) quantifying the impact of agriculture on aquifer depletion; (2) analyzing the farmers' strategies for adaptation to climatic and hydrological variability; and (3) predicting groundwater storage dynamics to better manage aquifer systems in this semi-arid context. High-resolution Earth Observation monitoring would greatly improve our capacity for early detection of water shortages.
Surface Water Area Dynamics
Surface water is easily detected and classified using optical and radar remote sensing. In the present context of impermanent lakes composing the WHS, the main refilling period occurs during the monsoon, when cloud cover is thick and permanent. Sentinel-1 was preferred for its ability to detect surface roughness through cloud cover. The temporal dataset is automatically used to extract surface water areas for each acquisition. The areas estimated for each surface reservoir are a crucial variable in estimating the role of evaporation and infiltration fluxes taking place below the WHS. This is a first step in quantifying the potential contribution of WHS to regional aquifer recharge by capturing monsoon runoff [15, 26, 39] .
Effect of Spatial Resolution
The 10-m spatial resolution did not dramatically improve the classification scores but doubled the size of the dataset (58 and 26 Gb for Sentinel-1 and 2, respectively, at 10 and 20 m in Rabi 2016, Table 3 ). For larger areas, we find the 20-m resolution more appropriate since it provides similar area estimates for rice, more robust results for irrigated crops, and smaller datasets.
Farmers' Adaptation and Vulnerability to Climate Variability
Short-Term Variations in Climate and IWD
The highest area of flooded rice was observed during Rabi 2017: around 16 to 17% of the watershed. It was found to be extremely low (3.5%) in the previous Rabi, in 2016, during which extremely dry hydrological conditions prevailed. In the more similar Kharif 2009 and Rabi 2010 seasons, it was estimated to be 10.2 and 7.2%, respectively [17, 18] . Farmers' decisions to massively sow flooded rice and drip-irrigated corn for the Rabi of 2017 are explained by the abundance of surface and groundwater after the extreme rainfall events in September, as well as their capacity to mobilize this excess water through free electricity and subsidized drip-irrigation equipment.
The dry situation in July 2016 forced farmers to keep their rice areas to a minimum, matched to the low availability of water, and lacking foreknowledge of the heavy rains that fell the following September. This temporality is fundamental in farmers' decisions regarding the use of irrigated water.
Although not estimated in this study, the aquifer recharge mainly caused by the September rainfalls could approach the maximum observed in this region (around 200 mm). This leads to a major rise in the groundwater table, especially because the IWD remained below 50 mm for the Kharif season. This fast and exceptional aquifer replenishment is threatened by the subsequent growing season, in which the IWD reaches the same magnitude as the recharge (226.2 ± 5.8 mm).
As indicated in [18] , IWD computed from high-resolution remote sensing can be transformed into a net groundwater extraction at 1250 m resolution so as to spatially evaluate the aquifer's vulnerability to overpumping. Pumping rates vary widely in space along with groundwater storage capacity, defined by the specific yields of fractured rocks and aquifer thickness. This multi-temporal restitution of IWD is a first step towards the generalized aquifer mapping proposed by [18] .
The Indian Agriculture, Groundwater, and Energy Nexus
Previous studies have shown the complex interaction of groundwater depletion and energy subsidies in India, since groundwater extraction relies heavily on electric pumping and free electricity for farmers [16] . In northwestern India, agricultural pumping leads to the long-term fall of water tables in deep alluvial aquifers [6] [7] [8] , but the annual groundwater abstraction rate seems to be constrained by shortages of energy rather than groundwater [40] . In contrast, South Indian aquifers are shallow, water tables, by definition, cannot keep declining, and are rapidly recharged by abundant rainfall. Agriculture is constrained by water shortages. In Telangana State, the new government has recently extended the electricity distribution period from 6 to 9 h a day, and government programs have equipped farmers over the last decade with subsidized drip-irrigation equipment to reduce the water consumption of vegetable and corn irrigation. Both parameters explain the ability of farmers to increase their IWD to the 220 mm estimated in this study for a single Rabi season. The over-exploitation of these shallow aquifers leads to an increase in interannual variability in agriculture production and groundwater fluctuation.
The Adaptation of Farmers' Irrigation Reasoning and Practices to Climatic Variability
Monitoring the irrigation practices and surface water at the continental scale from Sentinel missions provides an opportunity for studying the short-term socio-geographical rules behind farmers' decisions, observed in near-real time. Agricultural policies, irrigation equipment and energy prices, together with water shortages, are factors influencing agricultural practices. A realistic evaluation of the future of these sites demands that we go beyond a linear narrative: the past actions of farmers facing droughts and/or changes in crop prices, rainfall, and other variations and shocks, must be differentiated according to types of farming families. The large increase in rice areas between Rabi 2016 and Rabi 2017 shows the farmers' powerful ability to take advantage of the abundance of surface and groundwater. Studying the actions behind these newly quantified observations, obtained from systematic satellite acquisitions, demands a consideration of the reasoning of these families, the inherent and very specific covariance between each family's agro-environmental and socioeconomic assets and constraints, in order to assess the potential for the emergence of sudden, behavioral changes among the population [41] .
Such a disruptive emergence in farmers' practices may be conceptualized via a promising new methodology, i.e., spatially-explicit agent-based modeling (SEABMs [42, 43] . SEABMs are models based on connected entities describing resources and physical constraints (roads, elevation and slopes, presence of lakes or aquifer capacity), but also agents, representing for instance human individuals or families, all described with various attributes (size, property size, location, etc.) [44] . An Agent-Based Module (ABM) can be used either as an independent model, to be compared, calibrated, or validated using the seasonal land-cover datasets produced by the methodology presented in this study, or as an add-on for improving the analyses of short-term variations of agricultural land cover in South India. Small irrigated areas are detected during the dry conditions of R2016 and K2016, as 3.5% and 5%, respectively, of the irrigated areas, with moderate classification confusion. A large increase of irrigated areas (16% of rice and 6% of irrigated crops) is estimated with low classification confusion in R2017. This is explained by the replenishment of water resources during the 2016 monsoon. This high seasonal variability represents the direct impact of the farmers' strategy of adaptation to water storage.
Conclusions
In Rabi 2017, Sentinel-1 only, Sentinel-2 only and Sentinel-1 and 2 datasets show good classification accuracy (F-score for rice above 0.90) although Sentinel-1 used alone leads to a 10% overestimation of the rice areas (lower precision at 10-m resolution). In contrast the Kharif cotton areas seem to be accurately detected by Sentinel-1 only; their estimated extent remains similar (around 20%) after introducing Sentinel-2 (only four cloud-free images during the Kharif). The value of 20% appears highly realistic, as a similar area was found for Kharif 2009 [17, 18] .
Sentinel-1 and 2 in Kharif and both Sentinel-1 and 2 and Sentinel-2 alone in Rabi seem to give the best estimates. We combined the results from these two datasets at both 10 and 20 m resolution to compute the water demand uncertainty for each season: 49.5 ± 0.78 mm (1.5% uncertainty) in Rabi 2016, 44.9 ± 2.9 mm (6.5% uncertainty) in the Kharif season and 226.2 ± 5.8 mm (2.5% uncertainty) in Rabi 2017. These amounts should be compared to seasonal aquifer recharge variation over the past decade (10 to 160 mm/year). The confusion over detection of irrigated crops in small areas in Rabi 2016 leads to a small uncertainty in water requirement estimates.
The 20-m resolution should be selected when scaling this methodology up to larger areas. The synergistic use of S1 and S2 increases the confidence level regarding the retrieval of irrigated areas.
The automatic detection of surface water dynamics is highly accurate with both Sentinel-1 and Sentinel-2 cloud-free images. Sentinel-1 is preferred, since it does not require any filtering step in the presence of clouds. The sizes of each surface reservoir are small within the study site, and account for 3% of the total area: the high resolution of Sentinel-1 allows for the detection of smaller areas; the surface water fraction found is then bigger than that estimated by the lower resolution of ResourceSat. Furthermore, surface water dynamics were monitored at the revisit periodicity of Sentinel-1 during July and August, which is not possible with optical remote sensing. This essential variable is important for calibrating runoff in spatially distributed agro-hydrological models, as well as for estimating the amount of infiltration from the bottom of the rainwater harvesting system back into the aquifer.
